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Abstract. It has been hypothesized that the UV-, sites must be sought to explain the spectral diversifica-
blue-, and green-sensitive visual pigments of insectsion among these and other insect visual pigments.
were present in the common ancestor of crustaceans and

insects, whereas red-sensitive visual pigments evolveey words: Evolution — Lepidoptera — Cones —
later as a result of convergent evolution. This hypothesid/ertebrates — Color vision — Opsin phylogeny —
is examined with respect to the placement of six opsinsSSwallowtail — Papilionidae

from the swallowtail butterflyPapilio glaucus(PgIRh1—
6) in relationship to 46 other insect, crustacean, and che- )
licerate opsin sequences. All basal relationships estaghtroduction

lished with maximum parsimony analysis except two are -
: : : e Insect compound eyes are composed, minimally, of three
present in the distance and maximum likelihood analy-

ses. In all analyses, the sk glaucusopsins fall into distinct classes of photoreceptor cells, with peak sensi-

three well-supported clades, comprised, respectively otijitieS clustered around 350 nm (UV), 440 nm (blue),
ultraviolet (UV), blue, and long-wavelength (LW) pig- and 520 nm (green) (Chittka 1996). The few exceptions

. D . to this visual bauplan include the loss of the blue-
ments, which appear to predate the radiation of the in- " h lls i .
sects. Lepidopteran green- and red-sensitive visual pi sensitive p (_)toreceptor cels In some chtyoptera (Mote

) and Goldsmith 1970) and Hymenoptera (Chittka 1996),

ments form a monophyletic clade, which lends support tothe gain of additional short-wavelength photoreceptor

the hypothesis from comparative physiological stud|esCeIIS in Odonata (Yang and Osorio 1991) and Diptera

that red-sensitive visual pigments in insects have paralo; .
gous origins. Polymorphic amino acid sites (180, 197’(Montell et al. 1987), and the appearance of red-sensitive

: . . hotoreceptor cells in some species of Lepidoptera (Ber-
211, 285'.308).' which are essential for generating thér::ard 1979), Hymenoptera (Peitsch et al. 1992), and Odo-
spectral diversity among the vertebrate red- and green-

o . . . . i nata (Meinertzhagen et al. 1983). Exceptional classes of
sensitive pigments are notably invariant in tRapilio

" . ; . photoreceptor cells within insects, such as the red-
red- and green-sensitive pigments. Other major tunin .
ensitive photoreceptor cells, pose a puzzle because of
their sporadic appearance. Based on physiology alone, it
is not clear whether the visual pigments expressed within
Present addressDepartment of Molecular and Cellular Biology, 1007 those cells have a single origin or are the result of con-
E. Lowell/Life Sciences South 444, University of Arizona, Tucson, AZ vergent evolution. This study examines the origins of
85721, USA [ed-sensitive photoreceptor cells in insects by character-

The nucleotide sequence data reported will appear in the GenBank . th ins f th llowtail butterf i
Nucleotide Sequence Database under the accession numbers AF0771lg§ng € opsins from the swallowtall butter I?ap| 10

(PgIRh1), AF077190 (PgIRh2), AF067080 (PglRh3), AF077193 glaucusand examining their relationship other insect op-
(PgIRh4), AF077191 (PgIRh5), and AF077192 (PgIRh6). sins.
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Visual pigments are composed of an opsin protein, aquenced an intron from the L\Rapilio opsins to explore
member of the G protein—coupled receptor family and ahis possibility inPapilio.
light-sensitive chromophore derived from retinal. In the By examining the five amino acid residues known to
eye visual pigments detect light, information which is generate the largest spectral differences between the
conveyed to the nervous system by a chain of biochemivertebrate red and green pigments, | provide evidence
cal events that begins with visual pigment photoactivathat spectral diversification of the fol. glaucusLW
tion. Because most organisms synthesize a single chrdPgIRh1-4) pigments does not occur through substitu-
mophore, the diversity of visual pigment absorptiontions at these critical amino acid sites. This leads to the
spectra on which vision is based, depends primarily orintriguing observation that although natural selection has
the opsin amino acids lining the chromophore bindingoccurred in both vertebrates and arthropods for multiple
pocket. Selection for amino acid substitutions at thesdong wavelength pigments in the same organism, the ma-
key sites has led to the spectrally diverse array of visualor tuning sites used to generate their spectral variation
pigments present in different classes of photoreceptofay be different.
cells.

Butterflies of the genu®apilio have four spectrally
distinct classes of photoreceptor cells in their retina, withMaterials and Methods
peak sensitivities in the UV (360 nm), blue (450 nm),
green (520 nm), and red (575 nm) (Horridge et al. 1983,RNA Isolation and cDNA Synthesi&.female P. glaucuspupa, pur-

. . hased from Ward's and reared in the lab until eclosure, was snap-
Arikawa et al. 1987, 1999a). Peak spectral sensitivities 0frozen in liquid nitrogen and stored at —80°C. Total RNA was extracted

photoreceptor cells are generally thought to conforMom the frozen head wiih Trizol (GibcoBRL), and resuspended in 100
closely to the absorption spectrum maximuxm@x) of .l DEPC-treated HO. For 3RACE, sscDNA was synthesized by com-
the visual pigments expressed within those cells, albining 10 pl total RNA, SuperScript Rnase H-reverse transcriptase
though they can be modified due to the filtering eﬁ‘ects(l\f'bct‘;]BR'-)'D'c"\l”';j i_t35(‘cblp ?daﬁ;"r primer Ej':rt"hmarlhet al. 1‘3383; The
. . . . A aratnon c I ontec was use 0 syninesize [0}

of screening p.lgme_nts (Grlbakm, 1988) among other readscDNA from another aliquot of total RNA for RACE and PCR of
sons. Indeed, iRapilio xuthusa violet (390 nm) class of  f1jength clones.

photoreceptor cell has also been identified, and is

thought to be the result_ of '_[he _mter_actlon between a 5 043 RACE, Cloning and Sequencirartial sequences (324
co-expressed UV-absorbing filtering pigment and a UV-pyp in length) obtained from'®ACE with the degenerate primer GSP1
sensitivé visual pigment (Arikawa et al. 1999b). Be- (Fig. 1) were previously reported (Briscoe 1998, 1999). To obtain
cause in most organismS, On'y a Sing'e Opsin transcript igdditional sequence for phylogenetic analysiRACE products were

generated by amplifying dscDNA with gene-specific reverse primers
found per photoreceptor cell (but see Sakamoto et al(Table 1) and an adaptor primer (PCR conditions: 1 min 94°C, then 30

1996; Kitamoto et al. 1998), only four distinct opsin ¢ s of 30 s at 94°C, 30 s at 55-60°C, 3 min at 68°C). To verfy the
transcripts were expected to be found in tRapilio  sequences, gene-specific primers spanning the coding region were used
retina. to amplify a third set of PCR products from dscDNA using the Ad-
Instead, | isolated six distinct opsin-encodiRgpilio vantage cDNA PCR kit (CIont_ech) (PCR conditions: 1 min 94_"C, then
glaucuscDNASs from head tissue mRNA, three of which 30 cycles of 30 s at 94°C, 3 min at 62°C). PCR products were incubated

. with Tag DNA polymerase (Promega), purified (Geneclean Il kit, Bio
were novel, and three of which (PgIRh1-3) were hO'101), cloned into pCR 2.1 (Original TA cloning, Invitrogen) or

mologous to LW opsins (PxRh1-3) reported by Kita- pcr2.1-TOPO (TOPO TA cloning, Invitrogen) plasmids and se-
moto et al. (1998) fronP. xuthusThe three additiond?. quenced on an ABI370A Automated DNA sequencer with Dye primer
g|aucusopsin seqguences include a homo|ogue of othepr Dye deoxy terminator kits (Perkin Elmer). For each gene, 3-8 clones
insect UV (PgIRh5) and blue (PgIRhG) pigments and from the 3 RACE reaction, 3—4 clones from thé BACE reaction, and

. ! a2—4 clones spanning the coding region were sequenced in both direc-
newP. gIaugusLW p|gment (PgIRh4), u_nexpe_cted from ions.
electrophysiological studies of theapilio retina. By
analyzing the relgtionship betwee,n thd S i'|i0 opsins Isolation of Genomic DNAGenomic DNA was isolated as previ-
and other k'nowr" 'nvert?brate opsins, | provide mmecu'%rously described (Briscoe 1999). Gene-specific primers were designed
phylogenetic evidence in support of a comparative phySibased on regions of exon 7 and exon 8 (relative to PgIRh3). The
ological hypothesis that red pigments have paralogousgrimers used to amplify this genomic fragm_ent f_rom PgIRh1 (Rh1F/
origins in insects. Because gene conversion has occurréd'1R) and from PglRh4 (Rh4F/Rh4R) are given in Table 1. The PCR
often between the red and green pigment genes durin%roducts were amplified, cloned, and sequenced as described above.

higher primate evolution (Zhou and Li 1996), | also se-

Northern Blot AnalysisThe optic lobe or brain of some insects
contains extraretinal photoreceptors (Felisberti and Ventura 1996;
Schulz et al. 1984; Fleissner et al. 1993; Hofbauer and Buchner 1989).
To guard against the possibility that tRe glaucusopsins are found in
1 Abbreviations: Red pigment red-sensitive visual pigment; green the optic lobe or brain and not in the retina, the expression of opsin
pigment = green-sensitive visual pigment; blue blue-sensitive vi-  mRNA was examined by Northern blot analysis. Total RNA was iso-
sual pigment; UV pigment UV-sensitive visual pigment. lated from the thorax and retinas of a m&leglaucus dsDNA probes
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5 6

5 1Helix I
————— MALDSLDPG—ATFGHAWAGKMEAYGSNQTVIDQVLPEMIHLIDPHWYQFPPMNPLWHGLLGFMIAVLGELSLﬁGNGMVIYfFTNTKTLKTPSN PglRhl
----- MAIANLDPGLGAAAEVWGGQAAAFSSNQTVVDKVSPDMMHLIDPHWYQFPPMNPMWHGLLGFTIGVLGEISITGNGMVVYIFTSTKSLKTPSN PglRh2
----- MALDYLNTG-AAKMGTWNGQOMSAYGANQTVVDKVLPEMLHLIDPHWYQFPPMNPLWYGLLGFTIACLAITSITGNAMVIYIFTTTKNLKTPSN PglRh3
———————————————————————————————————————————— HLIDPHWFQFPPMNPLWHGLLGFTIGVLGEISMVGNGMVIYIFSATKNLKTPSN PglRh4
MIAPAAMDNHTENNY-NYGAYFAPYRSDEPVE-MLGAGLTGADLAAIPEHWLAYPAPPASAHTMLALVYVFFTAAALIGNGLVIFIFSASKSLRTPSN PglRh5
—————— MAANYSDDI-GPMAYPMKLVSSEIVEHMMGWNIPEEHQAMVHAHWRSFPAVSKYYHFILALIYTMLMVTSLIGNGIVIWLFSTSKSLRSASN PglRh6

1 11 1 1

Helix IIg gg HelixaIII Helix ng
ELVLNLAVSDFLMMECMAPPLVVNSYHETWVFGPLKCALYAAAGSLEGIIEIWTMTMIAFDRYNVIVKGIAAKPMTNNGKLLRILAIWV§§LAWTVAP PglRhl
LLVVNLAFSDFLMMLCMAPPMVVNCYYETWVFGPLACELYACAGSLEGSISIWTMTMIAFDRYNVIVKGIAAKPMTINGALLRILGIWLESLAWTIAP PglRh2
LLVVNLAVSDFLMMACMAPPLIINSYNETWVFGPLFCAIYACGGSLYGTVSIWTMTAIAFDRYNVIVKGIAAKPMSINGALLRILAIWLSSLAWTVAP PglRh3
LLVVNLAFSDFLMMETM&PAMVVNCYNETWVFGPFACELYGCAGSLEGQI&IWTMTMIAFDRYNVIVKGIAAEPMTKKGALLRILFVWAAﬁLAWTLAP PglRh4
LLVVQLAILDFLMMLKA-PIFIYNSIKRGFAAGVIGCQIFAFMGSVSGTAAGLTNACIAYDRHSTITRPLDGR-LSRGKVLLMMVCVWVYTAPWAILP PglRh5
MEVINLAVFDLMMMIEM-PLLIANSFYQHPIGFQLGCDIYAVLGSISGIGGATITNAVIAFDRYKTISCPLDGR-INKVQASLLIVETWEWSLPFTILP PglRh6

1 2 22

9 2

23
U 4 5 0 Helix V

ﬁfb—WNRYVPEGNMTACGTDYLNKDWFSRSYIVAYAIFCYEIPLALIIYSYEFIIQAVAKHERAMREQAKKJEVASLRSSEAANT—SAECKLAKUALM PglRhl
IFG-WNRYVPEGNMTACGTDYLNKSWLSRSYILVYSIFVYYMPLLLIIYSYFFIVQAVAAHERAMREQAKKMNVASLRSSEAANT~SAECKLAKVALM PglRh2
IFG-WNRYVPEGNMTVCGTDYLSKDMLSRSYITIAYAVFCYFLPLGLIIYSYWFIIQAVAAHEKAMREQAKKMNVASLRSSDAANT-SAECKLAKVALM PglRh3
LFG-WNRYVPEGNMTACGTDYLTKDWFSRSYILVYGFFVYFAPLGLIIYSYYFIVQAVAAHEKSMREQAKKMNVASLRSSESANT-NAECKLAKVALM PglRh4
QLQIWGRYVPEGFLTSCTFDYLTTTFDNKLFVASMEVCVYVEPMLAIMYFYSGIVKQVFAHEAALREQAKKMNVDSLRSNONASAESAEIRIAKAALT PglRh5
ALKVWGRFVPEGFLTTCSFDYFTDDQDTKVFVACTFVWSYAIPMALICYFYSOLFGAVRLHEKMLOEQAKKMNVKS LASNKEDASKSVEIRIAKVAET PglRh6

2 2 22 3 3 3

7 HelixsVI 5o B 5 HelixsVII
TISLHFMAWTDYLVINFTGFETAT-1SPTLGTIWGSVFARANAVYNPIVYGISHPKYRAALYQRFPSLACQPAADDNTSQASGKTTVCEEK--PSA  PglRhl
TTSLWFMAWTPYLVINYTGVFETAA-TSPLATIWGSVFAKANAVYNPIVYGISHPKYRAALYQKFPSLACOPSPEETGSVASGATTACEEK--PSA  PglRh2

TISLWFMAWTPYLVINFAGVFETAP-ISPVSTIWGSVFAKANAVYNPIVYGISHPKYRAALYQRFPSLACQPSPDESGSVASGNTAVCEEK--PPA PglRh3
TISLWFLAWTPYLIINEMGIFESMP-ISPLTTIWGSLFAKANAVYNPIVYGISHPRYRAALYKKFPSLSCQAASDEVDSVASNVTAVSNEK--PAA PglRh4
VCFLYVASWTPYGVMSLIGAFGDONLLTPGVTMIPALACKGVACIDPWVYAISHPKYRQELQKRMPWLQIDEPDDNVSNTTNNTANSS - -~~~ APA PglRh5
IFFMEVCGWTPYAIVTMTGAYGDRSLLSPVATMIPAVCCKIVSCIDPWVYAINHPRYRAELQKRLPWLGVREQDPDSVSTSNSVITTQSHTPNAET PglRh6

Fig. 1. Alignment of six Papilio glaucusopsin (PglRh1-6) se- The longer amino acid sequence in shown. The location of the primer
quences.Brackets: indicate the boundaries of seven membrane- used to generate the RACE products, GSP1 (EANCARGCNA-
spanning helices as inferred by the Predict-Protein PHDhtm progranARAARATGA 3’), is marked by ablack arrow. Amino acid sites
(www.embl-heidelberg.de/predictprotein/) (Rost et al. 1995). Two pu-homologous to those critical to spectral tuning in human red- and

tative start codons were identified in PgIRh5 (Sé&ER in Fig. 2). green-sensitive visual pigments are underlined (see Table 3).
Table 1. Gene-specific opsin primers stitution at first, second, and third positions was calculated to evaluate
whether nucleotide or amino acid analysis would be more appropriate.
Gene Primer Sequencé ® 3 When uncorrected distances were calculated for third positions in
PAUP*, 19% of pairwise comparisons had distances greater than 70%,
PgiRh1 P1R3 AGGTCAAGGTAGAAGAGG suggesting saturation for many comparisons. Calculation of the pro-
Rh1F ATGAGGGAGCAAGCAAAGAA - - I s
portion of synonymous substitution between tRapilio opsins in
Rh1R AAGACCGAACCCCAAATC MEGA (Kumar et al. 1993) confirmed this suggestion, with all LW
PgIRh2 P2R3 CGTGTGGCTGACGAGGTGT (Rh1-4) pairwise cor.nparisons showing saturation (Tabie 2). Similarly
PgIRh3 P3R1 TCTATTTCGGGTGCCTGAT the number of substitutions at third positions evaluated over. a prelimii
PglRh4 P4R1 GTAAGCAATCCGTATCAC . - - .
RhaF CTAAGATCATCGGAGTCCGC nary parsmony t_ree in MacClade qu 2.5 and 4.1.t|mes hlgher, re-
Rh4R GAGAGAGCCCCAAATGGTAGTC spe(.:tlvely, than first anq secon.d. positions. The consistency |nde>§ (¢)))
PgIRh5 P5R1 GTATTTCGGATGACTAATGG for 'fII'SF, second, and third positions was 0.40, 0.51, and 0.24, with 1
PgIRN6 P6R2 GTGGCAACAGGCGACAGC indicating no homoplasy.

Because maximum parsimony can be mislead by high levels of
homoplasy, and because for some of the taxa, only amino acid se-
guences were available, the more thorough parsimony searches were
restricted to the larger amino acid data matrix. Maximum parsimony
analysis of the amino acid matrix (343 sites corresponding to aa 26—356

were prepared from gel-purified PCR products in random primer la-

beling reactions (Random Primer Fluorescein Labeling kit, DuPont).’ IRh . . e .
Blot preparation, hybridization (overnight at 60°C), and washing was'" PgIRh1) was implemented in PAUP*4d64 (Swofford 1998), with a

performed according to the NorthernMax-Gly (Ambion) instructions. stgp matrix derived from a data S?t Of_ 125 G protein—coupled recep?ors
Blocking, antibody incubation, and chemiluminescence substrate incu(Ric€ 1994) (200 bootstrap replications, random-sequence addition,
bation proceeded according to the Random Primer labeling kit (Du-2"d TBR branch swapping). Distance analysis of the amino acid matrix
Pont) protocol. The RNA molecular weight marker (Boehringer Man- used minimum evolution as the objective function with mean character
nheim) was visualized by staining 3 min in 0.02% methylene blue, 0.3difference as the distance measure. Bootstrap support was calculated
M NaOAc (pH 5.5), and destaining 1 min in water (Herrin and Schmidt via a heuristic search, 500 bootstrap replicates, and TBR branch swap-
1988). ping.
A smaller matrix of 28 nucleotide sequences was also analyzed
using maximum likelihood (981 sites corresponding to bp 199 to 1,173
Phylogenetic AnalysisA BLAST search of GenBank, and a Med- in PglRh1). To shorten the length of time required for tree searches,
line literature search produced 54 invertebrate opsin sequences. Aminmaximum parsimony analysis was first conducted on this smaller ma-
acid sequences were aligned in Clustal W (Thompson et al. 1994)irix assuming unordered characters and equal weighting of all nucleo-
adjusted by eye in SeqPup (version 0.6), and then used as a guide in thiele sites (heuristic search, 500 random addition sequence replicates,
alignment of the nucleotide sequences. The rate of synonymous subFBR branch swapping). Maximum likelihood scores were then calcu-
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Table 2. Uncorrected proportion of synonymous (below diagonal) and nonsynonymous (above diagonal) differences

PgIRh1 PgIRh2 PgIRh3 PgIRh4 PgIRh5 PgIRh6G PxRh1 PxRh2 PxRh3
PgIRh1 — 0.11 0.11 0.13 0.47 0.45 0.02 0.11 0.11
PgIRh2 0.83 — 0.12 0.11 0.47 0.47 0.11 0.02 0.12
PgIRh3 0.76 0.74 — 0.14 0.47 0.46 0.11 0.12 0.01
PgIRh4 0.83 0.74 0.81 — 0.46 0.47 0.12 0.11 0.15
PgIRh5 0.47 0.47 0.47 0.76 — 0.37 0.48 0.46 0.48
PgIRh6 0.45 0.47 0.46 0.74 0.36 — 0.45 0.47 0.46
PxRh1 0.47 0.77 0.74 0.80 0.48 0.45 — 0.11 0.11
PxRh2 0.81 0.35 0.74 0.78 0.46 0.47 0.74 — 0.12
PxRh3 0.73 0.74 0.32 0.81 0.48 0.46 0.73 0.74 —

lated for the single resulting parsimony tree, under four models: Jukesthe optimal mammalian sequence CC(A/G)CCAUGG
T mde it the data betier han the Ises complek 1<y + a0 (<0Zak 1991) by a single nucleatide and encades a 375-
0l . . . . .

model p < 0.005, likelihood ratio test statistie 17.7p367, four degrees aa prOtem',The first pUtat,IV? start Co,don’ which I,S 18, t?p
of freedom). Maximum likelihood estimates of the proportion of in- UPStream, is not found within an optimal translation ini-
variable sites, the shape parameter of the gamma distribution, and tHéation sequence and encodes a longer protein product
substitution rate matrix were calculated from the parsimony tree anc(38]_ aa)_ The |0nger of the two putative protein se-
gsed as starting assumptions fgr maxim_u_m likelihood analy_sis (heurisqueﬂCeS is shown (FigS. 1 and 2)_ The start codon and an
tic search, TBR branch swapping, empirical base frequencies). estimated 104 bp of PgIRh4 coding region were not iso-
lated due possibly to premature termination of reverse-
transcription, or low abundance of full length RNA (see

Results expression analysis results below).

Isolation of SixPapilio glaucusOpsin cDNAs Isolation of an Intron from PgIRh1 and Pg1Rh4

3'RACE produced two major bands of approximately
700 bp and 800 bp each, which were gel-purified, cloned
and sequenced. Fifty sequenced cones of tiRABE

products resulted in six opsin-encoding fragments, 69
bp, 826 bp, 809 bp, 508 bp, 720 bp, and 717 bp long

Elsewhere | have reported the genomic sequence of
PgIRh3 (Briscoe 1999). PgIRh3 has at least eight introns,
one of which, intron 7, is 78 bp in length (Briscoe 1999).
An intron with splice sites identical to intron 7 of PgIRh3
{between bp 952-953) was isolated from PgIRh1 and

mzlgg rg?;gsdgslggﬁ;d IP%'Ehﬁ;ﬁ;ozgsloe\;itt'xegm(_mtePgIRh4. The intron from PgIRh1 was 264 bp long, and
Py any ay the intron from PglRh4 was 225 bp.

sophila Rh1-6 opsins). These sequences were used to
design six gene-specific reverse primers (Table 1) used
to amplify the remaining coding regions andUdRs.  mRNA Expression of tHe. glaucuOpsins
Each gene specific primer pair amplified single unique
opsin-encoding products. The sequenc&RACE prod- DNA probes of PgIRh1, PglRh2, PgIRh5, and PgIRh6
ucts overlapped with the’'BRACE products, and without cDNASs, hybridized to total RNA from retina and thorax
ambiguity matched the’RACE sequences. A third set of tissue, revealed single bands in the retina lane (Fig. 3).
cloned PCR products spanning the coding region of fiveNo visible bands were present in the thorax lane. Several
of the opsins, generated with gene-specific primers loattempts at detecting. glaucusPglRh3 and PglRh4
cated in the 5and 3UTRs, also yielded single tran- mRNA were unsuccessful, perhaps due to the low quan-
scripts, which matched the€ and BRACE sequences. tity of transcript present in our sample. The low abun-
The deduced amino acid sequences of thé>siglau-  dance of PglRh4 transcript was especially evident in the
cus opsins are shown (Fig. 1). Including thé &nd RT-PCR experiments, in which PgIRh4 amplified much
3'UTRs, a total of 1,585 bp of PgIRh1, 1,747 bp of more weakly than the othd?apilio opsins (1 out of 50
PglRh2, 1,679 bp of PgIRh3, 1,159 bp of PgIRh4, 1,526sequenced clones). By comparison, amplification of a
bp of PgIRh5, and 1,638 bp of PgIRh6 were cloned and762-bp PgIRh4 genomic fragment was comparable to the
sequenced in both directions. Four of the cDNAs encodamplification of genomic fragments of PgIRh1-3 with
opsins varying in length from 379 (PgIRh1 and PgIRh3),primers from the same region (data not shown). Kita-
380 (PgIRh2), to 381 (PgIRh6) amino acids. The cDNAmoto et al. (1998) report that cRNA probes of PxRh1-3,
encoding PgIRh5 has two possible start codons, therthologues of PgIRh1-3 (see Fig. 4), hybridize to pho-
second of which contains a putative translation initia-toreceptor cells in the retina. These results collectively
tion sequence CCGCGAUGG (Fig. 2) that differs from indicate that PgIRh1-3, 5, and 6 have a visual function.
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5'UTR
I 1 L[] L]
GCCGAACACACTACCGAGGGCTGCTCACAAG ATG ATT GCG CCT GCC_GCG ATG GAC AAC CAC
M I A P A A M D N H

Fig. 2. Nucleotide sequence of the first 60 bp of clorfediRh5cDNA. Box: sequence that resembles the vertebrate consensus transcription
initiation start site (Kozak 1991Black dots:Location of two putative start codons.

PgiRh1 PgiRh2 PgiRh5 PgIRh6 PgIRh1-6 fall into three major clades in all analyses
R T R T R T R T (Fig. 4). PgIRh5 falls within an UV clade and is most
- _ . closely related to the moth opsM. sexta2 with 100%
6.9 fj parsimony bootstrap support. Other members of the
47 —ee- “\ clade include thérosophilaRh3, Rh4, and honey bee
27 o ' UV opsins. Within the blue clade, PgIRh6 aht sexta

3 sequences are grouped (100% bootstrap support) and
1.8 — - - are closely related to the honey bee (93% bootstrap sup-
port) and Drosophila blue opsins (86% bootstrap sup-
port) (Bellingham et al. 1997; Townson et al. 1998; Sal-
cedo et al. 1999). PgIRh5 and PgIRh6 are the first UV
and blue opsin homologues cloned from butterflies.

Fig. 3. mRNA expression oPapilio glaucus PglIRh1-6psin genes. Monophyly of Lepidopteran LW Opsins
Northern blot analysis using six separate clones encoding PgIRh1-6

revealed thePglRh1, PgIRh2, PglRh5and PgIRh6 genes are tran- . .
scribed as mRNAs that fall between 1.5 and 1.8 kb in length. Thesd”r€viously, | report_Ed that PgIRh3 IS a me_mbe?r of the
transcripts were present in the retina but not the thorax of a male LW clade and that its shared intron splice sites indepen-

glaucusspecimen. A separate filter with total RNA from both the retina dently support the deeper clustering of the LW clade
and thorax of this male was probe with randomly primed DNA comple-\yith a clade of blue—green opsins Drosophila (Rhl
mentary toP. glaucusl8s rRNA, as a control for the presence of RNA and ha) (Briscoe 1999)_ Of the sR. glaucusopsins
in each lanePgIRh3andPglRh4were not present at detectable levels .
using this method (data not shown). reported so far, PgIRh3 is most closely related to PgIRh1
(100% bootstrap support). PgIRh2 and PglRh4, in that
order, are basal to the PgIRh1-PgIRh3 clade. The move-
ment ofM. sextal from the clade that includes PgIRh2—
PxRh2 to form a new clade with PgIRh4 suggests two
possible lepidopteran ancestral states. Either the ancestor
to moths and butterflies already had two LW genes or the
ancestor to moths and butterflies had only one.

PgIRh4 may or may not have a visual function, which
spatial expression analysis . glaucuswill clarify
(Briscoe and Nagy in preparation).

Phylogenetic Relationships &fapilioOpsins

Bootstrap trees recovered by maximum parsimony andp'scussion

minimum evolution on the large (54-taxa) amino acid

data set were identical everywhere, except in three reNo Evidence for Recent Gene Conversion Among the
spects. In the minimum evolution tre®, melanogaster  Papilio LW Opsins

Rh6 was no longer clustered withmulus,but became

basal to all insect LW opsins. The ant-honey bee LWGene conversion is a process by which duplicated genes
clade collapsed into a basal polytomy, and the relationbecome homogenized through unequal crossing-over (Li
ships within theDrosophilaRh1 and Rh2 clades were 1997). Gene conversion has been found, for instance,
rearranged. The maximum likelihood analysis of theamong the primate red and green pigments (Zhou and Li
nucleotide sequences of 28 taxa recovered the sani996). Because recent gene conversion is expected to
branching order of the deepest nodes recovered in thebscure phylogenetic relationships, | examined this pos-
maximum parsimony analysis, except in two places. Likesibility among thePapilio LW opsins. Table 2 gives the
the minimum evolution analysis, maximum likelihood uncorrected (p-distance) proportion of synonymous and
analysis placed. melanogasteRh6 with the other in- nonsynonymous differences between Ehegglaucusand

sect LW opsins. Also, thd&anduca sextdl opsin was P. xuthusopsins. The proportion of synonymous substi-
clustered with PgIRh4 in the maximum likelihood analy- tutions between the different LW (Rh1-4) opsins within a
sis, unlike the parsimony analysis, where landuca  species is extremely high (0.74—0.83Fn glaucusand

LW opsin was clustered with PgIRh2. 0.72-0.74 inP. xuthu$, whereas the proportion of syn-
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Amax
1001 Apis mellifera UVT 353 nm*
W(‘)%Camponotus abdominalis UV
74/56 Cataglyphis bombycina UV
100[-Dro:0phila melanogaster Rh3t 345 nm*
100 100~ Drosophila pseudoobscura Rh3 uv
100 98y Drosophila melanogaster Rh4t 375 nm*
100|97LDrosophila pseudoobscura Rh4
100 Drosophila virilis Rh4
Manduca sexta 27
Papilio glaucus PgIRh5t —
Drosophila melanogaster Rh5T 437 nm*
Manduca sexta 31
Papilio glaucus PgIRh6" Blue
Schistocerca gregaria 2
63 Apis mellifera blue’ 439 nm*_
_10Q{: Hemigrapsus sanguineus 1t
100 Hemigrapsus sanguineus 2t
100|Prosophila melanogaster Rh2f 420 nm*
100 Drosophila pseudoobscura Rh2
Drosophila simulans Rh2 Blue-
suq Drosophila melanogaster Rh1t 480 nm* |green
10 Drosophila simulans Rh1
10 -Drosophila pseudoobscura Rh1
| 93| Drosophila mercatorum Rhl
63 00-Drosophila virilis Rh1
Drosophila subobscura Rhl ) .
Calliphora vicina Rh1 - Fig. 4. One of 15 gqually parsimonous
" Procambarus seminolae tree_s from a heuristic seargh of opsin _
Cambarus hubrichtii amino ac_|ds sequences using a step-matrix
Procambarus orcinus (informative s_ltes= 302, tree length=
Cambarus ludovicianus 14,530_, Consistency Index 0.57,
100 wséambarus maculatus Retention Index= 0.83). The 15 equally
100 P b larkiit parsimonious trees differed in branching
84/o4)f —Frocambarus ciarkii order only within the clade of crayfish
Procambaru.s lrr-ullen opsins and within the clade @rosophila
Oronectes virilis .. Rh1 opsins. Bootstrap valuedovethe
Cambarellus schufeldtii . -
Limulus polvphemus 11 520 nm nod_es are from a parsimony analysis (250
100 . S potyp " Long replicates) and bootstrap valueslowthe
100! Limulus po{yphemus 2 ; 530nm  lwave- nodes are from a separate distance analysis
~Drosophila melano%gaster Rh6" 508 nm* length (500 replicates). Dashes indicate bootstrap
100 Papilio glaucus PgIRh1 520 support <50%. Taxa included in the
_ 10 Papll_“f xuthus PxRh1 nm maximum likelihoood analysis are
73 100pPapilio glaucus PgIRh3T indicated with across.Axmax values of
69/75 100t Papilio xuthus PxRh3 575 nm opsins that have been transgenically
59/85 PaPljhio glaucus PgIRh2' 520 expressed imDrosophila melanogaster
Papilio xuthus PxRh2 nm (asteriy or whose mRNA expression
Manduca sexta 17 patterns have been correlated with
Papilio glaucus PgIRh4' electrophysiologically determined spectral
Apis mellifera Lwf sensitivities are showrLimulusdata are
92Camponotus abdominalist from Smith et al. (1993)D. melanogaster
i 00Cataglyphis bombycina data from Zuker et al. (1988) and Feiler et
Schistocerca gregaria 1t al. (1992).Apis data are from Townson et
99 SphodromantisT - al. (1998),Hemigrapsusrom Sakamoto et
Octopus dolfleini al. (1996), ancPapilio data from Bandai et
Alleuteus subulata al. (1992) and Kitamoto et al. (1998).

onymous substitutions between orthologs in differentbinations of LW opsins, | counted the length of identical
species is much lower (0.32-0.47). This suggests thatequence between them. The longest identical stretch of
synonymous sites are not currently being homogenizeghared sequence without substitutions was 20 bp in
by gene conversion. length and was between PgIRh2 and PgIRh3, which are
Another hallmark of gene conversion is that recentlynot the most similar of the four opsins. Due to gene
converted genes may have long stretches of DNA withconversion, the introns of the primate red and green pig-
little or no substitutions. After aligning all pairwise com- ments have little to no variation between genes, whereas
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the coding region has considerably higher variation beexplain the data. In this scenario, two gene duplications
cause of natural selection (Zhou and Li 1996). In the casare coupled with one loss and two functional changes
of the three introns | examined from PgIRh1, PgIRh3,(from 480 nm to green and then a reversion from green
and PgIRh4, there was considerable variation in lengtho 480 nm). Under either scenario, the observed branch-
(78-264 bp) and enough sequence divergence that thegg pattern suggests that some of the earliest invertebrate
were impossible to align. Similarly, thé @nd 8 ends of  opsins may have had spectral properties in the blue—
these genes could not easily be aligned. Although there igreen (480 nm) range, with the LW (520-575 nm) opsins
no way to rule out gene conversion early in the history ofarising secondarily.
Papilio LW opsin evolution, a recent gene conversion Despite the likelihood of this scenario, a homologue
event seems unlikely. of the Drosophila Rh1l opsin inP. glaucuswas not
found. This is somewhat surprising because Rh1 is the
pigment found in the majority of photoreceptor cells in
Origins of UV, Blue, and Green Pigments in Insects  the Drosophilaretina, but is consistent with the lack of
480 nm-sensitive photoreceptor cells in tRapilio
Insect compound eyes are typically composed (see Mottetina. Several possibilities may explain this absence. A
and Goldsmith 1970) of at least three distinct classes oProsophilaRh1 ortholog may have become a pseudo-
photoreceptor cells, with peak sensitivities clusteredgene in the lineage leading Rapilio. Alternatively, its
around 350 nm (UV), 440 nm (blue), and 520 nm expression may be restricted to a small number of pho-
(green), which are hypothesized to have arisen approxitoreceptor cells, such as the simple eyes or ocelli, which
mately 500 million years ago (Chittka 1996). This con-in Papilio are visible only under a scanning electron
clusion, which is drawn from the mapping of electro- microscope (Dickens and Eaton 1973). Expression of a
physio|ogica| data on a species phy|ogeny of Che|iceratemRNA transcript in only a few cells under this scenario
crustacean, and insect taxa, is largely supported by thwould be difficult to detect by the method used in this
overall branching pattern of the opsin gene tree that i$tudy, RT-PCR. Notably, n®rosophilaRh1 homologs
divided so far into three major clades (Fig. 4). The av-have been isolated from any other insect species sur-
eragexmax values of pigments within these clades is 358veyed.
nm (UV clade), 439 nm (blue clade), 533 nm (LW),
respectively—averages that closely match Chittka’s av
erages derived, with one exception, from an independeriRed-sensitive photoreceptor cells have been found in
set of species. While themax values within clades are dragonflies (Yang and Osorio 1991), solitary bees, saw-
within 8-55 nm of each other, the difference in averageflies (Peitsch et al. 1992), butterflies, and moths (Bernard
Amax value between clades is 81 (UV-blue) to 94 nm1979). Of these orders, Hymenoptera, and Lepidoptera
(blue—LW). have been extensively surveyed by electrophysiology
Although only a few chelicerate and crustacean se{Eguchi et al. 1982). In Hymenoptera, species with red-
guences are available, the opsin phylogeny supports theensitive photoreceptor cells are relatively rare, whereas
hypothesis from comparative physiology (Chittka 1996)within Lepidoptera, species with red-sensitive photore-
that the LW pigments have an early origin that tracesceptor cells are more common. Four out of seven insect
back to the ancestor of the chelicerates and crustaceanstders—Blattaria, Orthoptera, Heteroptera, and Dip-
No chelicerate or crustacean UV opsins have yet beetera—do not have red-sensitive photoreceptor cells,
characterized, so the age of the UV clade remains unwhile all insect orders have green-sensitive photorecep-
clear. Within the insects, however, the UV and bluetor cells. The sporadic appearance of the red pigments,
clades appear to predate the Holometabolous—Hemimeletected through physiological and photochemical sur-
tabolous split. veys of the adult insect eye, suggests that either the red
Two features of the opsin phylogeny are not encom-pigments arose once within insects, and then there were
passed by the three-ancient-pigment-class hypothesis da- large number of gene losses, or that red pigments
rived from the physiological data. First, there is a cladeevolved more than once.
of Drosophila Rh1 and Rh2 opsins that branches off Butterflies of the genu®apilio are among the most
prior to the LW opsin clade. Basal to trosophilaRh1  well-documented examples of insect taxa with red-
and Rh2 clade, is a clade of cradgmigrapsusopsins  sensitive photoreceptor cells in addition to green-, blue-,
with similar sensitivity maxima to th®rosophilaRhl  and UV-sensitive (Horridge et al. 1983, 1984; Matic
opsin (480 nm). Two gene duplications of a 480-nm1983; Arikawa et al. 1987). Because spectrally similar
ancestral gene coupled with two gene losses (one in inepsins cluster with one another phylogenetically (Fig. 4),
sects and one in crustaceans) and a spectral shift alongis likely that PgIRh1-4 encode LW pigments, PgIRh5
one branch (from 480 nm to green) could explain theencodes a UV pigment, and PgIRh6 encodes a blue pig-
observed pattern. Alternatively, an equally parsimoniousnent. Phylogenetic inference of the opsins’ spectral
scenario that involves convergent evolution could alsoproperties is indirect, however, and requires independent

Origins of Red Pigments in Insects
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confirmation. Therefore, | examined the spatial expres-Spectral Tuning of the Vertebrate Red and Green

sion of thePapilio opsins and opsin transcripts using in Pigments and Comparisons wiiapilio

situ hybridization and immunohistochemistry (data not

shown). Anti-PgIRh5 antibody staining of the ad@t ~ Within vertebrates, gene duplication and spectral diver-
glaucusretina is correlated with the distribution of UV- sification of the red and green pigments has occurred
sensitive photoreceptors; similarly PgIRh6 protein ex-independently in primates and at least twice in fish (Yo-
pression in the retina is consistent with the distribution ofkoyama and Yokoyama 1990; Johnson et al. 1993). The
blue-sensitive photoreceptor cells (Briscoe and Nagy ungreen fish opsins, from goldfish and from cave fish, re-
published). Kitamoto et al. (1998) find that both PxRh1 spectively, fall into two distinct clades of vertebrate pig-
and PxRh2 mRNAs are expressed in green-sensitivents. Two goldfish green pigments are most closely
photoreceptor cells, whereas PxRh3 mRNA is expressetflated to the vertebrate rod pigments, and have an av-
in red-sensitive photoreceptor cells. Similar in situ hy-€ragekmax value of 508 nm (Johnson et al. 1993). The
bridization experiments performed d® glaucuseye  9oldfish (559 nm) and cave fish red pigments (Yo-

slices with riboprobes to PgIRh1-3 confirm their resultskoyama and Yokoyama 1990; Yokoyama and Radlwim-
(Briscoe and Nagy unpublished). mer 1999), and two cave fish green pigments are found

in a separate clade, which includes the primate red and
we would not expect the lepidopteran LW opsifgp- green pigments (See Johnson et al. 1993). The green
ilio Rh1-4 andVl. sextal) to have a monophyletic ori- pigments in this distantly related clade have an average
gin. Instead, théPapilio opsins would fall into at least )igngig(f\(/)armrjsfg:eiile-g)m (see Yokoyama and Radiwimmer
two distinct clades. One of these clades would include ' :

The fact that both vertebrates and insects have paralo-

all green insect opsins, such Bapilio Rh1 and Rh2, . : . .
and the opsins fromApis, Camponotus, Cataglyphis gously derived red and green pigments raises the possi-
' ' " bility that spectral tuning mechanisms, the amino acid

Schlst_ocerca,and Sphodromantlsspe_cles with green- substitutions causing red or blue shifts in absorption
sensitive photoreceptor cells but without red-sensitive

. . spectrum maximum, may be similar. To address this
Fig. 4). The other clade would include PgIRh3 and . . .
I(:’ngh3)Notany this pattern is not observed 9 o guestion comparatively, 26 vertebrate opsin sequences

) : S e were manually aligned with the invertebrate opsin se-
opsin .(Rh3) localized by in _snu hybr.|d|z.at|on to red- quences (data not shown), and homologous sites used in
sensitive photoreceptor cells in the retina is most CloselX/ertebrate spectral tuning were identified (Table 3). Five
related to aPapilio opsin (Rh1) localized to green-

i . amino acid sites are primarily responsible for generating
sensitive photoreceptor cells (Kitamoto et al. 1998

'the spectral diversity among a variety of red and green

Briscoe and Nagy unpublished). In parsimony and disy,grteprate pigments, and the effects of substitutions at

tance analyses, the boot strap support for the clade cOMprese amino acid sites are additive (Yokoyama and
posed of PgIRh1-PxRh1l and PgIRh3—-PxRh3 opsins igaqiwimmer 1999).
high. Basal to the PgIRh1-PxRh1-PgIRh3-PxRh3 clade Tpree of the five critical amino acid sites (aa 180, 277,
is a clade composed of green-sensitive PgIRh2—-PxRh2gs) jnyolve the loss or gain of a hydroxyl group. Sub-
opsins, recovered in all analyses. stitutions at these sites have some of the largest effects on
Appearing basal to the clades discussed above igpectral tuning in the red and green vertebrate pigments
Pgth4, whose Spatial distribution in the retina is Un'(Tab|e 4) These sites are invariant in tﬁapmo LW
known and whose clustering with the other lepidopteranppsins (PgIRh1-4) (Table 3). A fourth vertebrate spectral
LW opsins is supported by 59% of bootstrap replicatestuning site (aa 197) involves a second mechanism giving
Whether its absorption spectrum maximum is red Ofrise to red shifts in vertebrate opsins—a chloride-binding
green, its placement in the opsin phylogeny is compatiblgsite. Loss of H at this site leads to a blue shift in the
with the hypothesis that red pigments in insects evolvednouse green pigment (Sun et al. 1997). All insect opsins,
more than once. Notably, the only green insect pigmenboth SW and LW, have an E at aa 197, as do all SW
to have been expressed and spectrally characterized, vertebrate opsins. The observed pattern of invariance at
melanogasteRh6 (Salcedo et al. 1999) is ancestral to all this site in thePapilio LW opsins means that the chlo-
lepidopteran LW opsins (bootstrap support 85%). Theride-binding H197 cannot be involved in spectrally di-
particular branching pattern among the lepidopteran opversifying thePapilio LW opsins.
sins, and their relationship to tfiz melanogastegreen Another spectral tuning mechanism in vertebrates in-
pigment suggests that the red pigment Papilio  volves the acquisition of a hydroxyl group near the reti-
(PxRh3-PgIRh3) evolved from a green lepidopteran annylidene Schiff base. which causes a blue shift (aa
cestor. These molecular phylogenetic observations favoA308S) (Sun et al. 1997). IRapilio, all SW opsins have
Chittka’s (1996) hypothesis, based on physiological ob-A at aa 308, whereas all LW opsins have an S. The
servations, that red pigments have evolved convergentliPapilio LW opsins with an S at aa 308 could be blue
from an ancient class of green pigments. shifted relative to the vertebrate green pigments with an

If there were a single origin of red pigments in insects,
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Table 3. Nonconservative amino acid replacements between thekawa et al. 1999a, 1999b)_ If anything, tﬁapilio opsins
Papilio LW opsins. Amino acids at homologous sites in human red (R), ith S at aa 308 (Rh1-4) are 12—70 nm red shifted com-
green (G), and Blue (B) pigments; major tuning sites in vertebrate dtoth tebrate pi ts with th id t
opsins (bold and boxed) pared to the vertebrate pigments wi e same residue a
this site. Vertebrate pigments wimax values closer to
Papilio glaucusRh Human the putativePapilio LW pigments, which include the
human red (560 nm) and green (530 nm), and squirrel
(532 nm) pigments have an A at aa 308 (Yokoyama and

LW

%
=
[l
=
%
2

AAsite 1 2 3 5 6 R G B Radlwimmer 1999).
59 vV T T T VvV I W W E Conceivably, an A at aa 308, if introduced into the
65 E = I E A V T 1 L Papilio LW opsins through site-directed mutagenesis,
66 I I T | AT A A | could result in absorption spectrum maxima that are red
69 s T T vV I I F F P shifted relative to their present position. Such a change in
182 IA ,bl ,G ,\j |\I/T A' AV AV sl peak absorption wogld be consistent with the mechanis-m
107 A A A S — — s s v in vertebrates. If this were the case, the fact that this
136 F F Y F S s Cc C A amino acid is fixed between all SW and LW insect pig-
138 T s T C T | I ' L ments is remarkable. It suggests that a mechanism for
140 BOEEEEEERY ° CEcEEC] T making long-wavelength insect pigments even longer is
179 S F S A Y W W wW I :
not being used, perhaps because of some unknown func-
180 s s s s T s S A G tional constraint. Even so, the S308A substitution, which
197 N - & BN is involved in generating some of the absorption spec-
224 A S A G F F M M F trum maximum diversity between some of the vertebrate
229 F Y F F VvV A 1 1 | red and green visual pigments, is not apparently involved
;28 l "F" ';N ﬁ Fs Is 'L TL VT in spectrally diversifying thd?apilio LW pigments.
Therefore, although there has been strong natural se-
277 w w w w Yy F Y F F lection for the evolution of red and green pigments in
285 S © L " both vertebrates and insects, some of the tuning sites of
289 F Y F F L M C C M major effect used to diversify their absorption spectrum
290 r T A M 1 T F F Y maxima are apparently different. This observation begs
303 A ' BN - further investigation of spectral tuning mechanisms in
308 s §S s s A A A A S | the Papilio LW pigments. Figure 5 shows a number of
311 A A A A C C A A s nonconservative amino acid substitutions that are ripe for
315 A A A A A S T T C investigation via aDrosophilia transgenic system that

_ _ _ _ ~ allows the expression and spectral analysis of exogenous
Amino acids numbered relative to human red opsin sequence (Neitz e sing (Feiler et al. 1992; Britt et al., 1993; Townson et

al. 1991); dashes indicate differences in opsin length. Amino acid re- | 1998). A h . bstituti
placements associated with blue shifts between rhodopsin and blug'" )- mong t _OS? nonconserv"_itlve fsu stitutions, at
cone pigments: M102L, G106S, A133G, E138L, A140T, w281y, least one amino acid site (aa 229) with minor effect (1-2

A308S, A311S, A315C (Lin et al. 1998). Amino acids fixedRapilio nm) in vertebrates (Asenjo et al. 1994; Shyue et al. 1998)

opsins: M102, G133, and W281 may be utilized in diversifying th®apilio LW opsins. In
a study of crayfish green opsins, Crandall and Cronin
Table 4. Spectral tuning sites in vertebrates (1997) found F229Y to be one of the amino acid substi-
tutions associated with the evolution of a 530-nm opsin
Mutation Effect in vertebrates Reference from a 520-nm ancestral opsin.
A180S 7-nm red shift Neitz et al. (1991) In_conclus?on, the phylogepy of invertebre_lte opsins is
F277Y 10-nm red shift Merbs and Nathans (1993) consistent with the observation that most insects have
A285T 16-nm red shift Asenjo et al. (1994) ancient classes of UV, blue and green pigments (Chittka
H197Y 28-nm blue shift Sun et al. (1997)

1996). Papilio butterflies have opsins that fall within
each of these major clades. Duplications of the ancestral
LW opsin gene have occurred at least three times in the
lineage leading td@apilio. The recovery of a monophy-

S at this position, although this may not be the case. Théetic clade of lepidopteran LW opsins provides corrobo-
vertebrate green pigments with S at aa 308 include goldrating evidence for the paralogous origin of red pigments
fish (505 and 511 nm) (Johnson et al. 1993), mouse (50& insects. Different key amino acid residues are likely to
nm), and rat (509 nm) opsins (Yokoyama and Radlwim-be involved in the spectral diversification of tRapilio

mer 1999). By contrast, theapilio LW pigments have red and green pigments than those involved in diversi-
Amax values of 520, 530, and 575 nm, respectively (Ari-fying closely related red and green vertebrate pigments.

S308A 18-nm red shift Sun et al. (1997)
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Fig. 5. Topographical model showing the amino acid differences are numbered relative to the human red opsin sequé@&taek arrows:
(filled circles) betweenPapilio glaucusLW opsins PgIRh1-4. The positions where nonconservative amino acid substitutions have oc-
diagram is based on a modelDfosophilaRh1 from Britt et al. (1993).  curred between PgIRh1-Bashes:the five vertebrate spectral tuning
The amino acid sequence of PglRh1 is shown. The amino acid residuesites discussed in the text.

ThePapilio LW opsins provide an example of how simi- SW, AF042787). Lepidoptera: mottManduca sexta(1, 76082; 2,
lar visual pigment absorption spectra can be generate609852? 3, 1249561); butterflieBapilio glaucus(PgIRh1, AF077189;

o . 4 . 'PgIRh2, AF077190; PgIRh3, AF067080; PglRh4, AF077193; PgIRh5,
through shifts in the underlying patterns of amino aC'dAF077191; PgIRhG, AFO77192). xuthus(PxRh1, ABO07423:

substitution. PxRh2, AB007424; PxRh3, AB007425). Mantodea, Mar@ighodro-
mantis (X71665). Orthoptera, LocustSchistocerca gregarigl,
X80071; 2, X80072)Molluscs: squid, Alloteuthis subulatg4Z249108);

Appendix octopus,Octopus dolfleini(X07797).
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Accession numbers for sequences used in Fig. 1 af@f&staceans,
crayfish: Cambarellus schufeldti{fAF003544); Cambarus hubrichti
(AF005385);C. ludovicianugAF003543);C. maculatugAF005386);
Orconectes virilifAF003545);Procambarus clarki{(S53494);P. mil-
leri (AF003546);P. orcinus(AF005389);P. seminolag AF005388);
crab:Hemigrapsus sanguiney&, D50583; 2, D50584)Chelicerates:
horseshoe crali,imulus polyphemuél, L03781; 2, L0O3782)Insects:
Diptera: flies,Calliphora vicina(Rh1, M58334);Drosophila melano-
gaster (Rh1, K02315; Rh2, M12896; Rh3, M17718; Rh4, M17730;
Rh5, U67905; Rh6, Z86118)). pseudoobscurédRhl, S45126; Rh2,
S45127; Rh3, S45849; Rh4, S45850); subobscura(Rh1,
AF025813);D. virilis (Rh4, M77281)D. mercatorum(Rh1),D. simu-
lans (Rh2), andD. virilis (Rh1) sequences were from (Carulli et al.
1994). Hymenoptera: beeipis mellifera (UV, AF004169; Blue, Arikawa K, Inokuma K, Eguchi E (1987) Pentachromatic visual system
AF004168; LW, U26026); antsCamponotus abdominali¢LW, in a butterfly. Naturwissenchaften 74:297-298

U32502; SW, AF042788)Cataglyphis bombycinugLW, U32501; Arikawa K, Scholten DGW, Kinoshita M, Stavenga DG (1999a) Tun-
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